






















Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Dec 21, 2017
Multispacecraft current estimates at swarm
Dunlop, M. W.; Yang, Y.-Y.; Yang, J.-Y.; Lühr, H.; Shen, C.; Olsen, Nils; Ritter, P.; Zhang, Q.-H.; Cao, J.-B.;
Fu, H.-S.; Haagmans, R.
Published in:
Journal of Geophysical Research: Space Physics





Publisher's PDF, also known as Version of record
Link back to DTU Orbit
Citation (APA):
Dunlop, M. W., Yang, Y-Y., Yang, J-Y., Lühr, H., Shen, C., Olsen, N., ... Haagmans, R. (2015). Multispacecraft
current estimates at swarm. Journal of Geophysical Research: Space Physics, 120(10), 8308-8316. DOI:
10.1002/2015ja021707
Multispacecraft current estimates at swarm
M. W. Dunlop1,2, Y.-Y. Yang3, J.-Y. Yang1, H. Lühr4, C. Shen5, N. Olsen6, P. Ritter5, Q.-H. Zhang7,
J.-B. Cao1, H.-S. Fu1, and R. Haagmans8
1Space Science Institute, School of Astronautics, Beihang University, Beijing, China, 2RAL, Didcot, UK, 3The Institute of
Crustal Dynamics, CEA, Beijing, China, 4GFZ, Potsdam, Germany, 5NSSC, CAS, Beijing, China, 6DTU Space, Lyngby, Denmark,
7CSW, Institute of Space Sciences, Shangdong University, Weihai, China, 8ESA/ESTEC, Noordwijk, Netherlands
Abstract During the ﬁrst several months of the three-spacecraft Swarm mission all three spacecraft came
repeatedly into close alignment, providing an ideal opportunity for validating the proposed dual-spacecraft
method for estimating current density from the Swarm magnetic ﬁeld data. Two of the Swarm spacecraft
regularly ﬂy side-by-side in closely similar orbits, while the third at times approaches the other two. This
provides a data set which under certain assumptions of stationarity of the magnetic ﬁeld can produce 2, 3, 4,
5 (or more) point measurements, which can be cross compared. We ﬁnd that at low Earth orbit the use of
time-shifted positions allow stable estimates of current density to be made and can verify temporal effects as
well as validating the interpretation of the current components as arising predominantly from ﬁeld-aligned
currents. In the case of four-spacecraft conﬁgurations we can resolve the full vector current and therefore can
check the perpendicular as well as parallel current density components directly, together with the quality
factor for the estimates directly (for the ﬁrst time in situ at low Earth orbit).
1. Introduction
The curlometer technique [Dunlop et al., 1988, 2002] and its derivatives have been established over the last dec-
ade or so as a key method of estimating the electric current density in a number of regions of the magneto-
sphere. More generalized methods estimating the curvature and gradient of the magnetic ﬁeld have also
been extensively applied to multispacecraft magnetic ﬁeld measurements [Shen et al., 2007, 2012a, 2012b;
Vogt et al., 2009] from both Cluster and Time History of Events and Macroscale Interactions during Substorms
(THEMIS) [e.g., Dunlop et al., 2002; Shen et al., 2012a, 2012b]. Although these methods have been predominantly
applied to the outer magnetospheric regions (dayside magnetopause, magnetotail, and lobes), where the inﬂu-
ence of the Earth’s internal ﬁeld is weak and temporal ﬂuctuations are often dominant, recently, there have been
a number of studies using multispacecraft estimates of current density in the inner magnetospheric regions and
ring current [Vallat et al., 2005; Zhang et al., 2011; Shen et al., 2014] and in regions supporting ﬁeld-aligned cur-
rents [Marchaudon et al., 2009; Shi et al., 2010, 2012]. In order to better disentangle the temporal and spatial var-
iations in the magnetosphere, the multispacecraft techniques are generally applied as purely spatial estimates,
point by point in time. In low Earth regions of themagnetosphere, however, studies have until now relied on esti-
mates arising from single-spacecraft data, for which the disentangling of temporal and spatial variations is difﬁ-
cult [Lühr et al., 2015], and have focused on large- or small-scale ﬁeld-aligned currents (FACs) and themodeling of
signals associated with the external inﬂuences in the geomagnetic ﬁeld (e.g., the ring current).
The advent of the three-spacecraft Swarm mission (labelled A, B, and C) has provided the opportunity to
perform direct estimates of current density through multispacecraft techniques, removing at least some of
the ambiguity arising from single-spacecraft methods. The Swarm [Friis-Christensen et al., 2008] spacecraft
are ﬂying in circular, polar, low Earth orbits (LEOs). They were launched on 22 November 2013 and underwent
a sequence of maneuvers to adjust the phasing of each of the three spacecraft. After 17 April 2014, a
ﬁnal conﬁguration was achieved for which A and C ﬂy side-by-side (the separation is ~100–150 km), at a mean
altitude of about 481 km and an orbital period of ~94min, while Swarm B is ﬂying at a slightly higher orbit of
~531 km, with a slightly different orbital period of ~95min [see Dunlop et al., 2015]. Swarm B was initially
alignedwith the orbital planes of A and C so that at the start of science operations all orbit planes were closely
aligned and the three spacecraft ﬂew close to each other at times, where this close conﬁguration repeats
every few days. The polar orbits take the Swarm spacecraft through the auroral regions and across the polar
cap at high latitudes and sample all local times in about 132days (spacecraft A/C), similar to the coverage of
the CHAMP spacecraft [Reigber et al., 2002].
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Here we apply the methodology of the curlometer technique to the close conﬁgurations of Swarm to achieve
3- and 4-point estimates of electric current density, and using combinations of spacecraft positions we test
the temporal stability and the validity of inferring the ﬁeld-aligned component from time-shifted spacecraft
positions (extending the work of Ritter and Lühr [2006] and Ritter et al. [2013]).
2. Methodology
A phased array of spacecraft in principle allows spatial gradient estimates of magnetic ﬁeld measurements (in
particular) to bemade. For example, the four Cluster spacecraft, ﬂying in formation, provide four spatial positions
fromwhich a direct calculation of the curl of themagnetic ﬁeld can bemade, thereby providing an estimate of all
components of the electric current density [Dunlop et al., 1988, 2002; Robert et al., 1998]. This is shown schema-
tically on the right-hand side of Figure 1, where the spacecraft conﬁguration affects the quality of the estimate.
The curlometer estimate is based on the assumption that curl(B) =μ0J (i.e., using Ampère’s law to estimate the
average current density through the tetrahedron) and using the qualifying parameter divB=0. The linear, inte-
gral form of Ampère’s law estimates the average current, J, normal to the face 1ij of the tetrahedron from
μ0 < J > ΔriΔRj
  ¼ ΔBi ΔRj  ΔBj ΔRi; e:g:; μ0 < J>123 Δr12ΔR13ð Þ ¼ ΔB12 ΔR13  ΔB13 ΔR12
We also have
< div Bð Þ > ΔRiΔRjΔRk
  ¼ j∑cyclicΔBiΔRjΔRkj
i.e.,<div(B)>1234(ΔR12 ΔR13^ΔR14)=ΔB12 ΔR13^ΔR14 +ΔB13 ΔR14^ΔR12 +ΔB14 ΔR12^ΔR13, which provides
an indirect quality indicator of the neglected nonlinear gradients [Dunlop et al., 2002; Robert et al., 1998].
In these equations, ΔBij and ΔRij represent the vector difference in themeasuredmagnetic ﬁeld vector and spa-
tial position vector of the spacecraft labelled i and j, respectively. There is also a redundancy in the estimate,
since the vector current can be constructed from three of the faces of the tetrahedron, and this can be used
to verify the sensitivity of the estimate for each component of J. If only three spacecraft are used in the calcula-
tion (for example, if the spacecraft conﬁguration is severely distorted), then only the current component, JN,
normal to the corresponding face of the tetrahedron is obtained. The other components are then not estimated,
so that the signiﬁcance of the calculation depends on the alignment of the normal to the magnetic structures.
For example, in the case of Cluster or THEMIS, typically, in the in situ ring current, the azimuthal ring current
component, Jϕ, is reliably returned [Zhang et al., 2011; Y. Y. Yang et al., Storm time current distribution in
the inner magnetospheric equator: THEMIS observations, submitted to Journal of Geophysical Research, Space
Physics, 2015] since the conﬁguration often aligns perpendicularly to the ring plane. Also, in the case of FACs,
Figure 1. Illustration of the multispacecraft technique as applied to Swarm measurements, where the left plot is as shown
in Dunlop et al. [2015] and is described there, i.e., “the three Swarm spacecraft, A, B, and C, are drawn relative to the orbit of
Swarm A for a particular time. The positions A′ and C′ are drawn for their positions at a slightly earlier time. For nominal
operations, the spacecraft A and C ﬂy side-by-side along similar orbits having slightly different local times (which crossover
as the spacecraft ﬂy over the poles). Swarm B is ﬂying at a slightly higher altitude and in this example lags behind the A-C
pair. The picture on the right is from Dunlop et al. [1988] and depicts the estimate of average current normal to each face of
the tetrahedron formed by four positions. The current for the back face is not shown.
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the alignment of JΝ to J|| is signiﬁcant. Thus, previous experience with Cluster measurements has shown that
regular conﬁgurations of the spacecraft (as well as the comparative scale size) are optimal [Dunlop et al.,
2002; Robert et al., 1998], while distorted tetrahedral conﬁgurations return stable components only for particular
alignments with magnetic structure.
The three Swarm spacecraft (named A, B, and C), even when ﬂying in close formation, allow only a partial esti-
mate of the current density (i.e., one component, normal to the plane of the conﬁguration) unless assumptions
are made about the stationarity of the magnetic ﬁeld at LEO. At these low Earth altitudes, the internal geomag-
netic ﬁeld, which contains nonlinear gradients, dominates, so that linear estimators of the currents should be
applied to the residual ﬁeld, obtained following subtraction of the static internal ﬁeld in order to remove errors
introduced by the neglect of the nonlinear terms (this is also true for estimates performed in the near ring cur-
rent at ~3–7 RE [e.g., Shen et al., 2014]). Furthermore, temporal variations are often slower than the sampling rate
of magnetic structures at LEO, so that the ﬁeld structure can be considered to be stationary for short time per-
iods and adjacent positions of the spacecraft in time can be considered to sample the same current structure,
thereby providing additional spatial positions. In particular, if the spatial structure of the magnetic ﬁeld is
assumed to be stationary on short time scales of a few up to 20 s, and is suitably ﬁltered, then adjacent
(time-shifted) positions of the spacecraft can add to the number of spatial positions used to estimate the differ-
ences in the magnetic ﬁeld between each position. In Figure 1, for example, the magnetic ﬁeld values at the
positions of spacecraft A and C at earlier or later times (typically shifted by 5–20 s to regularize the conﬁguration)
can be combinedwith the positions of the A, B, and C spacecraft at some time, to provide ameasurement set of
up to 5 spatial points, fromwhich the magnetic gradients (and curlB in particular) may be estimated. Other con-
ﬁgurations result if the position of B is also time shifted.
Ritter and Lühr [2006] applied this technique to the A-C lower-altitude pair of Swarm spacecraft ﬂying side-by-
side. Here we extend the method in the sense of the possible conﬁgurations in Figure 1 obtained by selecting
different sets of positions, to produce two-, three-, and four-spacecraft estimates of current density from the
basic three-spacecraft spatial conﬁguration of Swarm. By selecting groups of three or four spacecraft (as well
as using the spatial array ABC), a “curlometer” estimate can be made such that three-spacecraft positions
essentially form one face of the tetrahedron shown in the right-hand plot of Figure 1 (the use of four-
spacecraft positions recover the full curlometer estimate). In order to get four (or more) spacecraft we can
introduce additional “virtual” spacecraft by time shifting the three spacecraft A, B, and C. Here we form a basic
array by conceptually time shifting spacecraft A and C. There are, in fact, four sets of four spacecraft, involving
spacecraft B, as drawn in Figure 1, that can be formed from the ﬁve positions shown (the array AA′CC′ is nearly
planar so it is not a usable ﬁfth grouping; see below). In the case of four spacecraft the quality parameter from
the linear estimate of divB/curlB can also be estimated [Dunlop et al., 1988]. The curlometer estimate provides
a stable result point-by-point in time, and an indirect measure of the quality of the four-spacecraft estimate
can therefore be tracked by divB/curlB, for example, with the stability beingmonitored by different selections
of spacecraft positions. Thus, if three Swarm spacecraft are close together, as shown here, different tetrahe-
dral conﬁgurations may be selected so that the ﬁve positions provide some redundancy in the calculation,
allowing the quality of the estimate to be tested.
Nevertheless, a number of points should be noted. First, time shifting AC results in a nearly planar conﬁguration
of four positions (AA′CC′), where only one component of the current density is found so that the ﬁeld-aligned
current in particular is only obtained from a projection onto the ﬁeld-aligned direction of the component nor-
mal to the spacecraft plane containing the spacecraft positions. This is true for the standard “dual-satellite” level
2 (L2) data product FAC_TMS_2F in the Swarm data set, calculated from the two spacecraft (A and C), time-
shiftedmethod [Ritter et al., 2013]. Second, the current density estimate resulting from each group of spacecraft
relates to a particular barycenter (center of volume of the conﬁguration [see Harvey, 1998]), so that the combi-
nation of different groups of spacecraft refers to slightly different times. This allows the degree of stationarity of
the measurement to be probed, in principle, through different choices of spacecraft (which results in different
mean times for the corresponding barycenter). For example, three-spacecraft combinations (such as ACC′ and
AA′C) can be selected and refer to slightly different mean times. For the special case of the conﬁguration in
Figure 1, both four- and three-spacecraft estimates can be cross compared. The combination of Swarm A, B,
and C produces a purely spatial estimate, but is typically in a slightly tilted plane to the A, C orbit tracks and addi-
tionally corresponds to the leading time of measurement. We have chosen to show results below from the con-
ﬁgurations formed through time shifting the positions of A and C (as indicated in Figure 1), since this produces
Journal of Geophysical Research: Space Physics 10.1002/2015JA021707
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Figure 2. A set of curlometer comparisons, for the data collected during 22 April 2014: (top, a) the unsmoothed estimate
using positions AApCCp, compared to the smoothed level 2 (L2) data product; (b) the three-spacecraft spatial array, using
ABC (i.e., no time shift, pure gradient calculation, which has a different JN direction), compared to the L2 estimate; (c) 3-
point formation, ACCp, compared to the L2 estimate; (d) comparison of the 4-point array (AApBCp) with the (e) ABC and L2
estimates, respectively; and (f) the ratios of divB/curlB (labelled divB for short) for the 4-point estimate. (bottom) The orbit
views ((right) X-YSM and (left) X-ZSM) show enlarged (5X) conﬁgurations as the Swarm spacecraft ﬂew over the auroral zone
and polar cap.
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the best alignment of the conﬁgurations to the L2 two-spacecraft parameter, and of course, we expect that in
this high-latitude region the dominant currents will be ﬁeld aligned and therefore approximately perpendicular
to the basic plane formed by AA′CC′. The alignment is less critical for the four-spacecraft estimates, but it is still
useful to use this choice for the L2 comparisons (see later discussion). We note, however, that a more general-
ized method of constructing (or measuring) the conﬁguration can be devised, as studied in terms of homoge-
neity scales in the least squares approach discussed by De Keyser [2008] (and see references therein), and this
could be used in future applications and compared to other gradient methods (see Conclusions). Here we ben-
eﬁt from the special context of the Swarm orbit geometry and natural alignment expected of the main FACs.
It is therefore instructive to compare the estimates found from different combinations, and below we show
the comparison of the various estimates for a number of events.
Figure 3. Set of curlometer comparisons in the same format as Figure 2, with the X-YSM projections of the conﬁgurations, including time-shifted positions, shown in
the bottom plots. The left-hand plots correspond to the pass on the 28 April 2014 and the right-hand plot to the 4 May 2014.
Journal of Geophysical Research: Space Physics 10.1002/2015JA021707
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3. Event Tests
In order to test the application of the curlometer to the Swarm data we select events from the ﬁrst phase of
science operations (April–August 2014), when the alignment of the orbits allowed the three spacecraft to
repeatedly come close together. We have used 1Hz Swarm level 1b data (https://earth.esa.int/web/guest/
swarm/data-access), corrected to version 04, taken by the vector ﬁeld magnetometers (VFMs) [Friis-
Christensen et al., 2008], but where these data have had the Earth’s static, internal ﬁeld removed using the
CHAOS-4plus model [e.g., Olsen et al., 2014]. The curlometer method is then applied to the residual ﬁeld data.
We have adopted the labelling that the time-shifted positions, A′ and C′, are labelled such that A′=An (for for-
ward shift in time) or Ap (for backward shift in time) and similarly for C′ (we ﬁnd that the optimum time is 20 s to
best match all methods and optimally regularize the spatial conﬁguration of the spacecraft, as is shown in
Figure 1 and on the spacecraft orbits in Figures 2 and 3). We have compared the multispacecraft, curlometer
estimates to the two-spacecraft, time-shifted method of Ritter et al. [2013] (using the Swarm level 2 product
FAC_TMS_2F, derived using VFM measurements), highlighting both compatibility with this method and differ-
ences observed. The basic set of comparisons are shown in Figure 2, for the ﬁrst event, where we compare the
ﬁeld-aligned current component in each case, ﬁrst for the unsmoothed estimate arising from AApCCp, then for
the different spacecraft groups deﬁned by the enlarged constellations on the right-hand side of Figure 2. The J||
component is taken from the projection of JN in each 3-point case (so depends on the actual orientation of the
plane of the conﬁguration) and is the ﬁeld-aligned component of the vector current in the case of the 4-point
arrays. The ﬁrst FAC signature in Figure 2 has been analyzed recently by Dunlop et al. [2015].
Figure 2a of the top plot shows that AApCCp (which are aligned to the spacecraft tracks and therefore effec-
tively lie in a plane) ﬁt rather well to the signature obtained from the standard L2 two-spacecraft product. The
line for L2 is broken for the interval 04:11–04:12:30 UT, indicating where the orbits crossover (ﬁrst spacecraft B
and then AC, as indicated in the right-hand orbit plots). During this short interval, we expect the quality of the
estimates to be downgraded as the form of the spacecraft array changes dramatically which is reﬂected in the
deviations between the curves (a measure of quality) as this interval is approached from either side and by
the noisiness of the estimates within the interval. Nevertheless, at other times, the proﬁles match in ampli-
tude and timing throughout the interval shown, as expected for the matched orientation of the planes of
the spacecraft positions. Changing the time shift has more effect between 04:10–04:11 UT and 04:12:30–
04:14 UT. Figure 2b shows that the tilt of the ABC plane (as seen in the X-ZSM projection in Figure 2) initially
results in a lower-amplitude FAC signal since the projection of JN is more misaligned to J||, for this conﬁgura-
tion. (Note that the ABC estimate is a purely spatial estimate which changes the sampling of the FAC slightly.)
These effects again change through the interval as the ABC conﬁguration changes. Figure 2c shows that the
use of only three positions, ACCp, in fact also compares well with the L2 FAC signatures, although additional
features are apparent. This estimate is sensitive to the choice of spacecraft positions and in principle allows
the quality of the L2 FAC estimate to be veriﬁed; i.e., different choices for the three positions result in slightly
different barycenter times relative to those of the L2 product, so that small temporal and spatial effects can
be revealed in principle.
Figures 2e and 2f show that the full curlometer estimate, arising from a 4-point array (here chosen as
AApBCp), identiﬁes the ﬁeld-aligned signatures seen in the proﬁle of the L2 product. In addition, the time
shifts in signature seen in the ABC estimate are conﬁrmed to arise from that choice of conﬁguration. The
actual proﬁle obtained is sensitive to the choice of spacecraft positions and the resulting conﬁguration.
This provides a further quality measure on the features observed, through the change in effective barycenter
and different tetrahedral shapes formed by each four-position set. In principle, this can also be used to
explore any effects of nonstationarity. For this event however, the proﬁles are broadly consistent. The J|| com-
ponent in this case is actually obtained from the three vector components of current density (see section 4)
and so can be used even when the FAC direction deviates far from the plane of the spacecraft conﬁgurations.
In fact, in both Figures 2e and 2f, this estimate produces the highest-amplitude FAC signal, suggesting that
the L2 estimate (and that from the other three-spacecraft arrays) omits some of the actual FAC through
the misalignment of JN to the ﬁeld-aligned direction (see section 4). The four-spacecraft estimate, despite
incorporating two time-shifted positions, is in fact rather stable throughout the intervals tested and adjacent
to the orbit crossovers in particular. It therefore provides additional coverage of signatures when the L2 pro-
duct has low quality.
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Figure 2 (bottom) actually shows the standard estimate of divB/curlB, which is obtainable for each choice of
four positions. This parameter is only one measure of the quality of the linear gradients [see De Keyser, 2008],
but it can be seen that this remains low throughout the intervals containing FAC signatures (where there is
signiﬁcant current). As such, this parameter does not absolutely indicate accuracy, but, as a rule of thumb, a
value of 30% has previously been used as a threshold indicator of reliable current estimates. The value is large
and very noisy in the regions at either end of the interval where the current is zero and also shows a signiﬁ-
cant increase during the period of orbit crossover (04:11–04:12:30 UT). We therefore take this as a good indi-
cation of the overall quality of the estimates, although it only represents a measure of the nonlinear
gradients, not the absolute error or the effect of time dependence. The further choice of four spacecraft from
the ﬁve (time-shifted) positions allows us to probe the effects of both the different spatial coverage (shape of
the four-spacecraft tetrahedron) achieved and time dependence through the different barycenter positions.
Two other events are shown in Figure 3 for longer intervals extending across the polar passes in each case. In
the left plots, corresponding to the pass on the 28 April 2014, the proﬁles are remarkably matched, yet the
increased amplitude of FACs caught by the four-spacecraft estimate is pronounced, particularly for the signa-
ture between 09:42 and 09:45 UT. Note that divB is again very small during the key intervals of FACs but
shows low quality through the times adjacent to the orbit crossover and while the current density is very
small. Similarly in the right plots, corresponding to the pass of the 4 May 2014, nearly all of the ﬁne structure
Figure 4. Vector current density estimates obtained from the 4-point estimates for the key intervals during the 22 April (left) and 4 May (right) passes. For each event
we plot the estimates from two conﬁguration choices (top and bottom plots). For each plot, the top traces show the three SM components of the vector current; the
middle traces show J|| and J﬩, together with the L2 trace; and the bottom trace shows |J|. The estimates for the 22 April (left-hand plots) near the orbit crossover of
Swarm A/C and B (between the vertical black lines) are unreliable due to distortion of the spacecraft conﬁguration.
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of the FACs is reproduced in all estimates providing conﬁdence that these features are well represented.
Again, the amplitudes are caught best by the four-spacecraft estimates, and in this case the ABC conﬁgura-
tion is also well matched to the other proﬁles. The values of divB are similar to the previous event with low
values during the FACs.
4. Perpendicular Currents
In the case of the basic, two spacecraft method only the JN current density component is obtained, so that
any perpendicular currents are seen only throughmisalignment of the constellation plane to the background
ﬁeld. There may of course be errors introduced through lack of knowledge of themodel ﬁeld coordinates, but
here we focus on the data-deﬁned coordinates. Figure 4 shows the vector current density estimates obtained
from the 4-point estimates for key intervals during the 22 April and 4 May passes and for two conﬁguration
choices. All components are in principle determined, so that J|| and J⊥ can be directly computed. The main
FAC signatures in each event are indicated, and characteristic forms for the other components can be seen
in each case. Clearly, as indicated in section 3, the FAC signatures agree in form between each method,
although the amplitudes of the four-spacecraft curlometer are larger than the L2 parameter in some cases.
We have shown a speciﬁc set of positions in Figure 4, based on time shifting the Swarm spacecraft A and
C in order to remain as closely related to the L2 parameter as possible (as in section 3). The character of
the signatures does change slightly with each choice of four spatial positions (selected from the ﬁve positions
depicted on the orbit plots of Figures 2 and 3) but is most consistent for the optimum time shift giving the
most regular conﬁgurations (in this case the value of divB/curlB is also most insensitive to the choice of con-
ﬁguration). Indeed, the form of the signatures overall remains recognizable, and in fact, the change in each
component seen for the different estimates between the top and bottom plots is less than 0.2μAm2 in
the center of the main current signatures (which range in magnitude from about 2 to 4μAm2). This repre-
sents a maximum error in the estimates of around 10% due to changing the conﬁguration. For the interval on
the 22 April we have also marked the region where the estimates will be unreliable due to the orbit crossover.
In each case the perpendicular currents at either side of the FAC sheets are small but reach ~0.7μAm2 and
thus are signiﬁcant. Furthermore, we have checked the effect of changing the time shift applied to the space-
craft positions and ﬁnd that the perpendicular components remain signiﬁcant, although smaller time shifts,
of 5 or 10 s, severely distort the spatial conﬁguration. For at least three of the signatures the perpendicular
components show features which are consistent with the presence of perpendicular currents surrounding
a FAC sheet [e.g., Gjerloev and Hoffman, 2002; Liang and Liu, 2007], i.e., reversals in the Jx and Jy components
(SM coordinates) within the main FAC [see also Ritter et al., 2004; Wang et al., 2006]. These signatures will be
analyzed in future work. Here we simply point out that the four-spacecraft technique can reveal perpendicu-
lar as well as parallel components. This is the ﬁrst time these have been shown from direct measurements of
the full vector current density at LEO, rather than as projections from single components [see Shore
et al., 2013].
5. Conclusions
We have demonstrated here that the adoption of the principle of time-shifted measurements (in order to
increase the number of spatial measurements of the magnetic ﬁeld) can produce stable 2-, 3-, and 4-point esti-
mates of the electrical current density. By applying the measurements only in the plane along the Swarm A/C
orbit tracks, we obtain a set of estimates which are sensitive to the barycenter time and position. Here the com-
ponent of the current density normal to the plane of the spacecraft positions is computed. This allows us to test
for, and separate, effects whichmay be present over the time-shifted array used, i.e., temporal variations (by vary-
ing the value of the time shift) and degree of alignment of the computed component to the FACs. Increased sta-
bility of the signal measured from these alternative methods gives conﬁdence in the quality of the estimates and
increases the coverage possible with valid estimates. Indeed, we show that for the three- and four-spacecraft
methods, the estimates are stable in intervals where the two-spacecraft method breaks down.
The four-spacecraft estimates are sensitive to the choice of spacecraft array and also to the choice of time
shift, where the result depends on the degree to which the assumption of time independence over the mea-
surement is satisﬁed. A number of different choices for the spacecraft positions were investigated by time
shifting the Swarm ACB positions, and these can in principle also be used to probe the degree of stationarity
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in the measurement of the current density by cross comparing estimates from the resulting spacecraft con-
ﬁgurations (as in the case of the 3-point estimates). In general terms, the spatial estimate of current requires
the currents to be stable on time scales equivalent to the effective convection time of the spacecraft array
across the structure. These time scales can be compared to the time shifts used, and it was found here that
the time shift which produces the most regular conﬁguration results in the optimal estimates of current den-
sity. Moreover, for the regions containing FACs, where themain current component is nearly perpendicular to
the Swarm AC orbits (by operational design), it is natural to time shift the Swarm A and C positions, and this in
turn produces conﬁgurations which relate most closely to the L2 FAC data product. Nevertheless, in the
region of study here, we ﬁnd that the estimate of divB/curlB is generally small (high quality), where there
is signiﬁcant current and, once the time shift is optimized for tetrahedral shape, divB/curlB is relatively inde-
pendent of the speciﬁc choice of four-spacecraft conﬁguration (as selected from the ﬁve positions depicted
in the left plot of Figure 1).
We have shown for the ﬁrst time at low Earth orbit that a meaningful current density signal can be estimated
for all components of the current density vector. This has two main consequences: the ﬁeld parallel compo-
nent can be directly computed rather than inferred from the projection of the normal component and the
ﬁeld perpendicular components can be estimated directly. The perpendicular components can reveal either
residual Pederson currents or Hall currents associated with the FAC sheets, although at Swarm altitudes the
Hall component is not expected. Future analysis will investigate the source of the perpendicular signal. One
issue is that poor knowledge of the coordinates of the background model ﬁeld and other error must be ruled
out. Future work will also investigate the application of the magnetic gradient and curvature analysis [Shen
et al., 2012b] to the time-shifted conﬁgurations.
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